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Abstract
Expression variation is widespread between species. The ability to distinguish regulatory change driven by natural selection
from the consequences of neutral drift remains a major challenge in comparative genomics. In this work, we used
observations of mRNA expression and promoter sequence to analyze signatures of selection on groups of functionally
related genes in Saccharomycete yeasts. In a survey of gene regulons with expression divergence between Saccharomyces
cerevisiae and S. paradoxus, we found that most were subject to variation in trans-regulatory factors that provided no
evidence against a neutral model. However, we identiﬁed one regulon of membrane protein genes controlled by unlinked
cis- and trans-acting determinants with coherent effects on gene expression, consistent with a history of directional,
nonneutral evolution. For this membrane protein group, S. paradoxus alleles at regulatory loci were associated with
elevated expression and altered stress responsiveness relative to other yeasts. In a phylogenetic comparison of promoter
sequences of the membrane protein genes between species, the S. paradoxus lineage was distinguished by a short branch
length, indicative of strong selective constraint. Likewise, sequence variants within the S. paradoxus population, but not
across strains of other yeasts, were skewed toward low frequencies in promoters of genes in the membrane protein
regulon, again reﬂecting strong purifying selection. Our results support a model in which a distinct expression program for
the membrane protein genes in S. paradoxus has been preferentially maintained by negative selection as the result of an
increased importance to organismal ﬁtness. These ﬁndings illustrate the power of integrating expression- and sequence-
based tests of natural selection in the study of evolutionary forces that underlie regulatory change.
Key words: regulatory variation, natural selection, Saccharomyces.
Introduction
An outstanding question in comparative genomics is the
evolutionary importance of gene expression differences be-
tween genetically distinct individuals. Comparative expres-
sion studies in many taxa have made clear that a large
fraction of the transcriptome varies in expression level be-
tween species (Hodgins-Davis and Townsend 2009; Wilson
and Odom 2009; Dowell 2010), but the vast majority of this
divergence is expected to be the product of neutral genetic
drift. Due in part to the complexities of detecting selection
from observations of regulatory sequence and gene expres-
sion(Kohnetal.2004;Blekhmanetal.2008;Torgersonetal.
2009; Bullard et al. 2010; Fraser et al. 2010; He et al. 2011),
the prevalence and the mechanisms of natural selection on
regulatory change remain incompletely understood.
In thesearchfor an evolutionary logic underlying species
changes in gene expression, many analyses have focused on
trends across groups of functionally related genes. One
powerful approach has been to trace gains or losses of
a given cis-regulatory motif in the promoter sequences
of genes in a pathway (Gasch et al. 2004; Ihmels et al.
2005; Ludwig et al. 2005; Tanay et al. 2005; Tsong et al.
2006; Borneman et al. 2007; Hinman et al. 2007; Hogues
et al. 2008; Tuch et al. 2008; Perez and Groisman 2009;
Piasecki et al. 2010), where each cis-regulatory change
has arisen via an independent genetic event. Such analyses
have highlighted a complex, polygenic mechanism for the
evolution of a given regulatory program, involving a suite of-
subtly acting variants in unlinked genes that function to-
gether. As a complementary approach for the study of
polygenic regulatory evolution, we recently developed an ex-
pression-based strategy (Bullard et al. 2010) to identify cases
in which a species has accumulated cis-regulatory variants -
that predominantly up-regulate, or predominantly down-
regulate, genes of common function. Given the neutral ex-
pectation of equivalent numbers of variants acting in one
directionversusanother(Orr1998),animbalanceinthesigns
of cis-regulatory effects represents a key line of evidence for
a change in selective pressure between species on the path-
way: positive selection or a relaxation of purifying selection in
a given lineage could give rise to concerted regulatory change
across genes of related function (Bullard et al. 2010).
Todate,aprimarychallengeofthisandrelatedexpression-
based tests for polygenic regulatory evolution (Bullard et al.
2010; Fraser et al. 2010, 2011) has been the ability to
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based signatures of natural selection. In this work, we set
out to develop an analysis pipeline to study cases of path-
way-level regulatory evolution, harnessing both expression
andDNAsequencedata.Toprovideatractableanddata-rich
model system for our analysis, we chose the well-character-
ized Saccharomycete yeasts.
Materials and Methods
Selection of Regulons
We downloaded regulons from Gasch et al. (2004) and,
from each, eliminated genes annotated as dubious open
reading frames (ORFs) (www.yeastgenome.org). We then
ﬁltered groups as follows. Any groups with fewer than
10 genes were eliminated from further analysis. Of the re-
mainder, we compared the composition of each pair of
gene groups and, if any two groups overlapped by more
than 30%, we eliminated the smaller group from consider-
ation. The ﬁnal data set comprised 104 regulons.
Expression-Based Tests for Directional Regulatory
Evolution between Saccharomyces paradoxus and
S. cerevisiae
We downloaded estimates of the cis- and trans-acting
contributions to gene expression divergence between
S. cerevisiae and S. paradoxus from Tirosh et al. (2009).
These data derived from two measurements for each gene:
one of the log2 of the ratio of expression of the S. cerevisiae
allele to the expression of the S. paradoxus allele in an in-
terspeciﬁc hybrid, reﬂecting the cis-acting contribution to
expression variation betweenthespecies (RSc/Sp;cis), and the
other of the total difference in expression between the par-
entspecieswhengrownindependentlyinculture,RSc/Sp;total
5 log2(expressionScer/expressionSpar). As detailed in Tirosh
et al. (2009), the trans-acting contribution to variation for
agivengene,RSc/Sp;trans,isestimatedasRSc/Sp;total RSc/Sp;cis;
thus, from the RSc/Sp;cis and RSc/Sp;trans values publicly avail-
able from Tirosh et al. (2009), we calculated RSc/Sp;total for
each gene. To ﬁrst survey regulons for directional expres-
sion change between species without distinguishing be-
tween cis- and trans-acting mechanisms, we used the
sum of expression effects across a gene group as a statistic
to assess the coherence of regulatory divergence. Speciﬁ-
cally, for each regulon, we summed RSc/Sp;total across all
genesintheregulon;toevaluatesigniﬁcance,weconducted
a two-sided test against a null distribution of 5,000 groups
comprised of randomly chosen genes from the genome, in
which each such null group was of the same size as the reg-
ulon of interest. In analysis of table 1, the experiment-wise
false positive count for this test was calculated as the prod-
uct of the number of groups tested (104) and the P value
threshold used (0.0204). For each regulon, we then con-
ducted analogous tests for imbalance in cis- and trans-
acting contributions to expression between the species
using RSc/Sp;cis and RSc/Sp;trans, respectively, except that
a one-sided P value was calculated in each case (upper
tailed, if RRSc/Sp;total . 0 and lower tailed, if otherwise).
The experiment-wise signiﬁcance for the membrane pro-
tein group for the latter tests was calculated as the product
of the number of groups tested (11) and the P value for the
membrane protein regulon (0.0056 and 0.001, respectively).
In supplementary table 1 (Supplementary Material online),
wealsoconvertedeachRSc/Sp;cisvaluetoasignstatistic(þ1,
if S. cerevisiae was associated with higher expression and
 1, otherwise) and repeated resampling tests as above,
using a one-sided test in each case.
We evaluated the signiﬁcance of the pattern of rein-
forcement between cis- and trans-acting variants imping-
ing on the membrane protein regulon as follows. We
assembled, by resampling from among all genes in the ge-
nome, 5,000 null sets of genes that mirrored the true reg-
ulon with respect to size and to the proportion of genes
subject to trans-acting variants associated with elevated
Table 1. Tests for Directional Regulatory Change between Saccharomyces cerevisiae and S. paradoxus Expression in Coregulated Gene Groups.
Name
a Number of Genes RRSc/Sp;total
b P Total
c P cis
d P trans
e Annotation
Cluster_adata-CalciumSpeciﬁc* 47 225.8 <0.0002 0.0056 0.001 Membrane proteins
Node 7 183 85.8 <0.0002 0.0506 <0.0002 Heat-shock proteins, stress
Cluster_PUF3 193 246.3 <0.0002 0.2372 <0.0002 Mitochondrion
Node 73 392 2140.1 <0.0002 0.4644 <0.0002 Ribosome, translation
Cluster_ManualHAP1targets 36 228.2 <0.0002 0.5044 <0.0002 Respiration
Cluster_HAP5 24 212.6 0.0072 0.0114 0.108 Respiration
Cluster_Vacuole 56 17.1 0.0114 0.019 0.0434 Vacuole
Cluster_PHD1 27 212.2 0.0114 0.0618 0.0232 Stress, signaling
Cluster_SWI4 48 216.1 0.0136 0.071 0.0252 Cell cycle
Node 6 10 7.0 0.0178 0.1296 0.003 Protein modiﬁcation and breakdown
Cluster_ARG80 18 29.1 0.0204 0.1622 0.01 Amino acid biosynthesis
a Gene groups deﬁned by Gasch et al. (2004). Results from analysis of the membrane protein regulon are denoted with an asterisk.
b Sum, across genes in the indicated regulon, of the log2 ratio of expression in S. cerevisiae to expression in S. paradoxus, when each species was grown in independent
culture (RSc/Sp;total).
c Signiﬁcance of a two-sided resampling test relative to the genomic null for an extreme value of the sum, across genes in the indicated regulon, of the log2 ratio of
expression in S. cerevisiae to expression in S. paradoxus, when each species was grown in independent culture (RSc/Sp;total). Shown are all groups meeting a signiﬁcance level
where 2.1 groups would be expected under the null.
d Signiﬁcance of a one-sided resampling test relative to the genomic null for an extreme value of the sum, across genes in the indicated regulon, of the log2 ratio of the
expression of the S. cerevisiae allele to that of the S. paradoxus allele in an interspeciﬁc hybrid.
e Signiﬁcance of a one-sided resampling test relative to the genomic null for an extreme value of the sum, across genes in the indicated regulon, of the log2 ratio of the
effects of trans-acting regulatory variation between S. cerevisiae and S. paradoxus, where the latter is derived from expression measurements of the interspeciﬁc hybrid and
of parent strains grown independently (Tirosh et al. 2009).
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cerevisiae. In each such null group, we tabulated the number
of genes subject to cis-regulatory variation at which the S.
paradoxus allele was associated with higher expression. We
thencomparedthecountofsuchgenesfromtherealregulon
against this null distribution to obtain a one-sided P value.
Expression-Based Test for Directional Regulatory
Evolution between S. paradoxus and S. bayanus
We downloaded measurements of RSb/Sc, the cis-acting
contribution to regulatory variation between S. bayanus
and S. cerevisiae, for each gene, from Bullard et al.
(2010). From this data set, we eliminated from consider-
ation all genes that were not represented in the data set
comparing S. paradoxus and S. cerevisiae (Tirosh et al.
2009),aswellasthoseannotatedasdubiousORFs.Wethen
calculatedRSb/Sp,thesumofRSb/ScandRSc/Sp,foreachgene,
and used this quantity in a one-sided resampling test for
directional cis-regulatory evolution as above.
Expression-Based Test for Directional Regulatory
Evolution between S. paradoxus and S. kudriavzevii
We mated S. cerevisiae BY4716 (Open Biosystems) and
S. kudriavzevii strain JRY9187 (Scannell et al. 2011) to gen-
erate a diploid hybrid. To generate measurements of RSk/Sc,
the log of the fold change in allele-speciﬁc expression levels
between S. cerevisiae and S. kudriavzevii, for each gene, we
conducted yeast culture, RNA isolation, and mapping as
previously described (Bullard et al. 2010), except that
onesequencinglanewasusedfromonebiologicalreplicate,
with the total RNA-seq data set comprising 7.04 million
mapped reads. We eliminated from consideration all
genes that were not represented in the data set comparing
S. paradoxus and S. cerevisiae (Tirosh et al. 2009), as well
as those annotated as dubious ORFs. We then formulated
RSk/Sp, the sum of RSk/Sc and RSc/Sp, for each gene and used
this quantity in a one-sided resampling test for directional
cis-regulatory evolution as above.
Interspeciﬁc Sequence Analyses
Reference sequences for S. cerevisiae, S. paradoxus, S. baya-
nus, S. mikatae, and S. kudriavzevii were downloaded from
www.saccharomycessensustricto.org (Scannell et al. 2011).
For each species, we extracted the region 1,000 bp up-
stream of each gene for all genes not annotated as dubious
ORFs, and we eliminated any gene that was not annotated
in each of the ﬁve species in Scannell et al. (2011). For each
such set of promoter sequences from a given gene, a ﬁve
species alignment was generated using Fast Statistical
Alignment (Bradley et al. 2009). Alignments in which
.500 sites were gaps or ambiguous base calls were elim-
inated from analysis, yielding a ﬁnal data set of promoters
from 4,295 genes. For branch length inference, the aligned
promoters from the genes of the membrane protein reg-
ulon were concatenated and used as input to the baseml
module of PAML (Yang 2007) along with a ﬁxed unrooted
Saccharomycete tree topology (Scannell et al. 2011). A gen-
eral time reversible substitution model was used without
a molecular clock, and sites in the alignment that con-
tained gaps or ambiguous data were not used in the anal-
ysis. To evaluate statistical signiﬁcance of branch lengths
for the membrane protein regulon in supplementary table
2 (Supplementary Material online), the concatenation of
promoter alignments and branch length inference was re-
peatedoneachof10,000randomlysampled genegroupsof
the same size as the membrane protein group, and a one-
sided empirical P valuefor eachbranch was then calculated
as the proportion of such null groups with branch length
greater than or equal to the true value inferred from the
real membrane protein genes. A complementary analysis
applying branch length inference to aligned sequences
for each promoter separately yielded identical results (data
not shown).For supplementaryﬁg. S2(Supplementary Ma-
terial online), sequences of 5,167 open reading frames were
downloaded from Scannell et al. (2011), aligned, and con-
catenated, and branch lengths were inferred as above; the
treeimagewasgeneratedusingMEGA(Tamuraetal.2011).
Promoter Data from Saccharomyces Population
Genomic Sequences and Estimation of Selection
Coefﬁcients
Chromosome alignments for strains of the European clade
ofS.paradoxusandthewine/EuropeancladeofS.cerevisiae
populations were downloaded from Liti et al. (2009) and
accessed using the alicat.pl script. Sites with an error prob-
ability of .0.0001 were eliminated from analyses, as were
genes whose promoter alignments contained .5s e g r e g a t i n g
sites. Contig alignments for strains from the Portuguese clade
of S. kudriavzevii were downloaded from Hittinger et al.
(2010). For each species, we extracted the region 1,000 bp
upstream of each gene, for all genes not annotated as dubi-
ous ORFs or in the case of S. kudriavzevii, the longest possible
upstream region up to 1,000 bp for which sequence data
were available. The ﬁnal data sets comprised promoters
for 5,284, 5,268, and 2,748 genes in S. paradoxus, S. cerevisiae,
and S. kudriavzevii, respectively, harboring 2,670, 1,908, and
7,356 single-nucleotide polymorphisms, respectively.
To establish a data set for a given species in which the
number of strain genomes without missing data was the
same for each polymorphic site (Elyashiv et al. 2010), we
set a cutoff strain count c equal to 15, 6, and 10 for S. para-
doxus,S.cerevisiae,andS.kudriavzevii,respectively.Ifagiven
variant site had fewer than c strains with nonmissing allele
calls, we eliminated it from consideration and if a site had
more than c strains with nonmissing allele calls, we ran-
domly subsampled alleles from c of these strains for inclu-
sion in the analysis. Given the resulting allele set for each
promoter for a given species, we tabulated allele frequen-
cies at all sites of single-nucleotide polymorphism in the
complete set of promoters for a given gene group of inter-
est. We implemented the Poisson Random Field (PRF)
method (Bustamante et al. 2001)i nR( www.r-project.org),
using the nlm function to ﬁnd maximum-likelihood esti-
mates of selection coefﬁcients c. For a given population,
c inferred from the whole-genome set of promoters was
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fromthemembraneproteingenepromoterswasevaluated
againstthewhole-genomeestimate.Ineachcase,likelihood
ratio test P values were calculated assuming a chi-square
distributionoftheteststatisticwithonedegreeoffreedom.
As a complementary approach, we evaluated the c inferred
from the promoters of the membrane protein regulon via
resampling.Forthispurpose,wegenerated10,000nullgene
sets by randomly selecting genes from the genome, and
using the promoters of each such set, we estimated a max-
imum-likelihood selection coefﬁcient as above; a one-sided
empirical P value was then calculated as the proportion of
null groups with c as negative or more so than the true
value inferred from the real membrane protein genes.
We also tested for a distinction between raw allele frequen-
cies in promoters of the membrane protein regulon and
those of the rest of the genome, by computing the mean
allele frequency across all segregating sites in the former
and comparing against analogous means of 10,000 null
gene sets as above. Conclusions from all analyses were un-
affected by changes to the cutoff used in ﬁltering pro-
moters based on the number of segregating sites (data
not shown).
Expression-Based Tests for Divergence in
Stress Responsiveness between S. cerevisiae and
S. paradoxus
We downloaded microarray measurements of expression
divergence between Saccharomyces species when grown
in independent culture in stress conditions from Tirosh
et al. (2006) and excluded dubious ORFs from consider-
ation. We analyzed the transcriptional response to each
of ﬁve conditions: growth on glycerol as a carbon source,
nitrogenstarvation, heatshock, andtreatment with methyl
methanesulfonate (MMS) and H2O2. For each gene and
each stress, at each of six time points, we calculated the
expression response as the log2 fold-change relative to
the rich-medium yeast peptone dextrose, as an average
across all probes on the microarray afﬁliated with the gene.
For each species, in supplementary ﬁg. S1 (Supplementary
Material online), we compared the distributions of re-
sponse values between the membrane protein regulon
and the rest of the genome using a two-sided Wilcoxon
test. In ﬁgure 3, we calculated the difference between spe-
cies in the stress response for each gene as log2(expression
in stressScer/expression in YPDScer)   log2(expression in
stressSpar/expression in YPDSpar), and we compared these
interspecies differences in responsiveness between the
membrane protein regulon and the rest of the genome
using a one-sided Wilcoxon test.
Results
We ﬁrst sought to screen groups of functionally related
genes for coherent patterns of regulatory change between
S. cerevisiae and S. paradoxus. For this purpose, we used
measurements of gene expression in each species grown
in rich medium (Tirosh et al. 2009). In each of a set of gene
groups deﬁned on the basis of coregulation in S. cerevisiae
(Gasch et al. 2004), we assessed the tendency for one spe-
cies to express the genes of the pathway at predominantly
higher, or predominantly lower, levels relative to the other
species. The results revealed 11 gene groups with evidence
for coherent regulatory variation between S. cerevisiae and
S. paradoxus, at a level where ;2 groups were expected
under a null model of independent evolution across genes
(table 1). Top-scoring gene groups in this analysis included
heat-shock and stress-response genes, translation genes,
cell cycle factors, and protein processing genes, indicating
that a range of stress-response and housekeeping func-
tions have been subject to directional expression change
between the two yeasts.
Because coherent differential expression between spe-
cies in a group of functionally related genes does not pro-
vide evidence for natural selection per se, we next
analyzed the mechanisms of expression change between
S. cerevisiae and S. paradoxus in regulons. For this pur-
pose,weusedexpressionmeasurementsfromastablehy-
brid diploid formed by mating the two species (Tirosh
et al. 2009). Combining observations of allele-speciﬁc ex-
pression in the hybrid with analysis of the species when
grown independently allows regulatory divergence to be
partitioned into cis-a n dtrans-acting contributions for
each gene. In each top-scoring gene group from our
screenfor coherent expressionchange,wetestedamodel
in which one species’ cis-regulatory alleles drove expres-
sion in the same direction relative to the allele from the
other species (Bullard et al. 2010), and we also carried out
an analogous test using trans-regulatory effects. Across
the groups, statistical signiﬁcance measures were more
striking for the latter test method (table 1); thus, in
the divergence between this pair of Saccharomycetes, de-
tectable cases of coherent regulatory variation most of-
ten followed a model in which genetic change at trans-
acting factors affects expression of a set of downstream
targets in the same direction.
To investigate the role of nonneutral evolutionary forces
underlying expression variation between S. cerevisiae and
S. paradoxus, we focused on a set of genes mediating mem-
brane protein trafﬁcking and function and membrane lipid
composition(ﬁg.1andsupplementarytable1,Supplemen-
tary Material online). This gene group showed strong
evidence for coherent regulatory change of cis-acting fac-
tors and of those acting in trans (reaching a signiﬁcance
level in each case where ,0.1 group would be expected
under the null; table 1). For both cis- and trans-acting de-
terminants of expression of this gene group, the S. para-
doxus allele at the respective locus conferred high
expression relative to that of S. cerevisiae (ﬁg. 1), a pattern
of reinforcement between the two mechanisms of regula-
tory change rarely observed in null data (resampling P 5
0.04; see Materials and Methods). The presence of many
unlinked cis-regulatory variants between species acting
in the same direction is unlikely under a neutral model
(Bullard et al. 2010), and indicative of a change in selective
pressure on the regulation of the membrane protein set.
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mediated changes impinging on this regulon provides ev-
idence against a model in which compensatory variants in
a given species have arisen, in regulators and their targets,
to preserve a constant degree of DNA-binding activity or
transcription.
We next aimed to trace the evolutionary history of ex-
pression change in the membrane protein regulon across
Saccharomycetes. We developed an analysis scheme har-
nessing allele-speciﬁc expression data sets from multiple
interspecies yeast hybrids grown in rich medium. We ﬁrst
used RNA-seq to assess allele-speciﬁc expression for each
gene in turn, in a diploid hybrid formed from the mating of
S. kudriavzevii and S. cerevisiae, and we also tabulated the
analogous measurements from a hybrid of the latter and
S. bayanus (Bullard et al. 2010). We then integrated these
datawith allele-speciﬁc expression measurements from the
hybrid between S. cerevisiae and S. paradoxus (Tirosh et al.
2009), and, for each species comparison involving S. para-
doxus, we tested for an imbalance in the direction of cis-
regulatory changes in the membrane protein regulon. The
resultsmirrored ouranalysisofS.cerevisiae(supplementary
table 1, Supplementary Material online): cis-regulatory var-
iants at the membrane protein genes were associated with
high expression in S. paradoxus relative to S. bayanus (P 5
0.007) and to S. kudriavzevii (P 5 0.01). Conclusions were
FIG.1 .Directional regulatory change between Saccharomycetes in the membrane protein regulon. Each colored element represents regulatory
changes between Saccharomyces cerevisiae and S. paradoxus in rich-medium (Tirosh et al. 2009) at one membrane protein gene, overlaid on
a cartoon localization of the encoded protein. P, proportion of randomly sampled gene groups showing regulatory changes whose directions
were at least as coherent as those observed in the membrane regulon (table 1). (A) Signs of cis-regulatory effects. Orange, the allele from S.
paradoxus was the most highly expressed in an interspeciﬁc hybrid; blue, the S. cerevisiae allele was most highly expressed. (B) Signs of trans-
regulatory effects, which derive from expression measurements of interspeciﬁc hybrids and of parental strains grown independently (Tirosh
et al. 2009). Orange, the regulatory allele from S. paradoxus was associated with higher expression; blue, the S. cerevisiae allele was associated
with higher expression.
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regulatory variation between species, rather than the quan-
titative effects (supplementary table 1, Supplementary
Materialonline).Weconcludethatthecis-regulatoryalleles
harbored by S. paradoxus at the genes of the membrane
protein regulon confer elevated expression relative to three
other Saccharomycete species, providing strong evidence
for a history of distinct selective pressure at these loci in
S. paradoxus.
Given the regulatory divergence between S. paradoxus
and other yeasts in the membrane protein group, we hy-
pothesized that sequence-based signatures of selection
would exhibit distinct characteristics across the genes of
the regulon in the former species. To test this, we ﬁrst
sought to estimate the strength of selection on promoters
ofthemembraneproteinregulon,usinggenomesequences
of isolates from the European population of S. paradoxus
(Liti et al. 2009), the wine/European population of S. cer-
evisiae (Liti etal. 2009), and the Portuguese population of S.
kudriavzevii (Hittinger et al. 2010). For each population, we
tabulated allele frequencies at single-nucleotide polymor-
phisms in all gene promoters, and we used the resulting
folded site frequency spectra as input into the PRF method
for estimation of population-scaled selection coefﬁcients c
(B u s t a m a n t ee ta l .2 0 0 1 ). As expected (Arthur and Ruvinsky
2011; Vishnoi et al. 2011), for the whole-genome set of pro-
moters in each species, likelihood ratio testing strongly re-
jected a model of neutrality in favor of an inference of
purifying selection (S. paradoxus: c 5  2.64, P 5 7.87  
10
 122; S. cerevisiae: c 5  1.1, P 5 3.2   10
 7; S. kudriav-
zevii: c 5  0.72, P 5 4.1   10
 17). In S. paradoxus, the
membrane protein gene promoters harbored an excess
of low-frequency alleles compared with the genomic pro-
moter set, reﬂecting the stronger action of purifying
selection in culling variants from the population (ﬁg. 2).
Likelihood ratio testing conﬁrmed the more negative
selection coefﬁcient for the membrane protein gene pro-
moters as a better ﬁt to the data than the parameter value
inferred from the whole-genome promoter set (ﬁg. 2). As
an independent test, we conducted a resampling-based
analysis of selection coefﬁcients (see Materials and Meth-
ods); the results conﬁrmed the difference between the
membrane protein group and the rest of the genome
for S. paradoxus (P 5 0.03). By contrast, in S. cerevisiae
and S. kudriavzevii, selection coefﬁcients inferred from pro-
moters of the membrane protein regulon were indistin-
guishable from those of the rest of the genome
(likelihood ratio test P 5 0.4 and 0.94 and resampling
P 5 0.2 and 0.54, respectively). Analyses of raw allele fre-
quencies rather than selection coefﬁcients (see Materials
and Methods) also conﬁrmed the difference between
the membrane protein regulon and the rest of the genome
in S. paradoxus (resampling P 5 0.03) but not S. cerevisiae
or S. kudriavzevii (P 5 0.66 and 0.43, respectively). Thus, in
S. paradoxus alone, allele frequencies were indicative of
tight constraint onthe membraneprotein group, reﬂecting
a particular importance of regulation at these loci in the
niche occupied by this species.
To substantiate this conclusion by an independent
method, we next applied a phylogenetic strategy, using
promotersequencesfromﬁveSaccharomycete-typestrains
(Scannell et al. 2011). We inferred evolutionary rates for
each branch of the Saccharomyces phylogeny (supplemen-
tary ﬁg. S2, Supplementary Material online) with PAML
(Yang 2007), for promoters of genes in the membrane pro-
tein regulon, and we compared the rates along the terminal
branches to those inferred from promoters of randomly
sampled gene groups. In S. paradoxus, but none of the other
Saccharomycetes, the genes of the membrane protein reg-
ulonexhibitedshorterbranchlengthsthanthegenomicnull,
corresponding to a slower rate of evolution (supplementary
table 2, Supplementary Material online). Additionally,
branch-speciﬁc rates for the membrane protein regulon
were elevated in the distantly related species S.bayanus,sug-
gesting a separate trend for a change in selection pressure in
the latter (supplementary table 2, Supplementary Material
online). We conclude that the rate of evolution has been
constrained at the promoters of the membrane protein
genes in S. paradoxus, echoing results from population ge-
netic analyses (ﬁg. 2) and lending further support to the in-
ference that regulation of these genes has been particularly
important in the life history of S. paradoxus.
The membrane protein regulon includes a number of
genesknowntomediateresponsetocellwallandsaltstress
FIG.2 .Increased strength of purifying selection in the membrane
protein regulon in Saccharomyces paradoxus. Each shade of gray
represents analysis of single-nucleotide polymorphisms in one set of
promoter sequences from European strains of S. paradoxus (Liti
et al. 2009). Each set of bars represents a histogram of frequencies of
minor alleles. All promoters, analysis of promoter regions from all
genes in the genome. Membrane protein regulon, analysis of
promoter regions from the membrane protein gene group (ﬁg. 1
and supplementary table 1, Supplementary Material online). c,
population-scaled selection coefﬁcient inferred from the allele
frequency spectrum from the indicated set of promoters. P,
signiﬁcance of the distinction between the genomic selection
coefﬁcient and the coefﬁcient inferred from the membrane protein
group, according to likelihood ratio testing. Results are based on
a data set of resampled alleles to ensure fully informative sequence
data at each site (see Materials and Methods).
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terial online). We expected that expression of the regulon
was likely to be responsive to stress, and given the change
in expression between species in rich-medium conditions
(ﬁg. 1 and supplementary table 1, Supplementary Material
online),wehypothesizedthataspectsofstressregulationof
themembraneproteingeneswouldhavedivergedbetween
S. paradoxus and other yeasts. To test these hypotheses, we
used gene expression measurements from S. cerevisiae and
S. paradoxus grown in nutrient starvation conditions and
during exposure to toxic agents (Tirosh et al. 2006). As pre-
dicted,themembraneproteinregulonstoodoutrelativeto
the rest of the genome for its expression regulation across
stress conditions (ﬁg. 3 and supplementary ﬁg. S1, Supple-
mentary Material online): both S. cerevisiae and S. para-
doxus induced the regulon under nitrogen starvation
and growth on glycerol, and repressed it in response to
theDNA-damagingagentMMS.Critically,however,expres-
sion response to environmental treatments was markedly
different between the species (ﬁg. 3). Saccharomyces para-
doxus repressed membrane gene expression to a greater
extentinMMSthandidS.cerevisiaeandinducedthemem-
brane genes less in other conditions than did S. cerevisiae.
Standard sequence search analyses had little power to de-
tect sequence motif changes between species in promoters
of the membrane protein regulon (data not shown), as ex-
pected if the complexity of regulatory inputs at these loci
served to obscure the signal of gain or loss of any given
motif. In light of our observation of elevated expression
levels of the membrane protein genes in rich medium in
S. paradoxus (ﬁg. 1), we conclude that the two species ul-
timately achieve similar regulatory programs for this gene
group in stress conditions, starting from distinct set points
in the rich-medium basal state. Since the membrane pro-
tein genes are expressed in rich medium at a higher level in
S. paradoxus than in S. cerevisiae, it follows that S. para-
doxus requires more dramatic repression upon a switch
to MMS treatment and less avid induction during nitrogen
limitation and growth on glycerol. Such patterns of diver-
gent stress response further highlight the evolutionary dy-
namics of regulation of the membrane protein gene group
between yeast species.
Discussion
Distinguishing between natural selection and neutral drift
as forces underlying regulatory variation remains a major
challengeinevolutionarybiology.Analysisofdirectionalex-
pression change in gene groups of common function can
be a powerful tool toward this end. To date, however,
methods have been at a premium for the incorporation
of expression-based tests for selection with those based
on DNA sequence. In this work, we have used Saccharomy-
cete yeasts as a test bed for these complementary para-
digms in the dissection of pathway-level regulatory change.
We haveshownthat,ina comparisonofS.cerevisiaeand
S. paradoxus, most instances of directional regulatory
change in groups of functionally related genes can be ex-
plained by variationintrans-acting factors.Foragivensuch
pathway, an appealing mechanism invokes a variant in
a single upstream factor, or a small number of such loci,
driving directional changes in expression of downstream
targets. Under this model, the relatively short waiting time
required for a species to accumulate mutations in a small
number of trans-acting factors would be consistent with
the prevalence of trans-acting variation we observe across
pathways.Importantly,anycaseofsimpleMendeliantrans-
acting regulatory change provides no a priori means to re-
ject a neutral model (Denver et al. 2005; Rockman and
Kruglyak 2006). We hypothesize that many of the trans-
regulatory changes in the pathways we study may be pres-
ent in yeast genomes as a consequence of drift.
As a model system for the study of nonneutral regula-
tory evolution, we focused on a group of genes involved in
FIG.3 .Interspecies differences between Saccharomycetes in stress responsiveness of the membrane protein regulon. Each trace represents
a cumulative distribution function (F[x]) of the difference between Saccharomyces cerevisiae and S. paradoxus in induction of gene expression
after stress exposure, relative to expression in the rich-medium YPD (Tirosh et al. 2006). In each panel, the x axis reports log2(expression in
stressScer/expression in YPDScer)   log2(expression in stressSpar/expression in YPDSpar). The blue trace reports the distribution across all genes
and the red trace reports that across the membrane protein regulon (ﬁg. 1 and supplementary table 1, Supplementary Material online).
(A) Switch to glycerol as the carbon source, 20-min time point. (B) Nitrogen starvation, 45-min time point. (C) Treatment with methyl
methanesulfonate, 1.5-h time point. P, one-sided P value from a Wilcoxon test comparing expression changes in the membrane regulon to
changes across the genome.
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lipid composition. Cis- and trans-regulatory variants har-
bored by S. paradoxus at these loci were associated with
upregulation in rich-medium conditions and altered stress
responsiveness relative to other yeasts. Our observation of
multiple independent cis-regulatory variants driving ex-
pression of the membrane protein genes in the same
direction is unlikely under neutrality (Bullard et al. 2010)
and provides evidence for a change in selective pressure
in S. paradoxus. Additionally, the fact that alleles of cis-
and trans-acting factors in S. paradoxus affect this gene
set in the same direction argues against a model in which
target genes have accumulated locally acting variants to
compensate for changes in a soluble regulatory factor. In-
stances of such compensation have been common during
the divergence of yeast species (Tirosh et al. 2009; Kuo etal.
2010; Lavoie et al. 2010; Baker et al. 2011), consistent with
the hypothesis that directional selection rarely underlies
these patterns (Takahasi et al. 2011). By contrast, an infer-
ence of a change in selective pressure in a given species
becomes strongest when cis- and trans-acting variants im-
pinging on a suite of genes drive expression in a consistent
direction, as has been reported in a handful of previous
studies (Tsong et al. 2006; Fraser et al. 2010) and in the
present observations of the membrane protein group.
A priori, polygenic directional expression change across
the membrane protein regulon could be the result ofeither
adaptation or relaxed purifying selection in S. paradoxus.
Our ﬁndings provide strong evidence against the latter hy-
pothesis. Inference using membrane protein promoters
from S. paradoxus revealed short branch lengths on the
Saccharomyces phylogenetic tree, and a strongly negative
selection coefﬁcient within species, relative to genomic
controls. These ﬁndings dovetail with previous reports of
shifts in the strength of purifying selection between gene
groups (Vishnoi et al. 2011) and between populations
(Elyashiv et al. 2010) in yeast. How might we reconcile
the distinct expression program of the membrane protein
genes in S. paradoxus with the evidence for tight selective
constraint? Our results are consistent with either of two
possible interpretations. The S. paradoxus expression pro-
gram could represent an ancestral state from which all
other species have diverged; under this model, ancestral
alleles have been subject to tight constraint in S. paradoxus
as a consequence of particular importance to organismal
ﬁtness relative to that in the niches of other yeasts. Alter-
natively, the S. paradoxus expression program could repre-
sent a derived state that arose through a series of selective
sweeps and since then has been preferentially maintained
by negative selection. As we show in the Appendix, the
latter model could manifest as a reduced number of
substitutions along the S. paradoxus lineage if the period
of adaptive evolution were sufﬁciently ancient, a plausible
scenario for the membrane protein group given that
S. paradoxus diverged from its closest relative, S. cerevisiae,
;7M a( Scannell et al. 2011). Under either model, it is
tempting to speculate that the distinct regulatory program
we have uncovered in S. paradoxus affects acute tolerance
to environmental insults in the wild, as Saccharomycetes
respond to many stress treatments by upregulating the
membrane protein genegroup(supplementary ﬁg.S1, Sup-
plementary Material online). The elevated constitutive ex-
pression of this regulon in S. paradoxus is in keeping with
other switches between constitutive and stress-responsive
expression observed in yeasts (Tirosh et al. 2011), whose
ﬁtness advantages remain an area of active research.
Decadesofworkingeneticmappinghaverevealedsuites
of unlinked, often weakly acting loci to be the rule rather
than the exception in explaining trait variation within spe-
cies(Weiss2008).Thenotionofgeneticcomplexityhasalso
become increasingly relevant in comparisons between spe-
cies, as genomic methods enable studies of polygenic evo-
lution over long timescales (Gasch et al. 2004; Ihmels et al.
2005;Ludwigetal.2005;Tanayetal.2005;Tsongetal.2006;
Borneman et al. 2007; Hinman et al. 2007; Hogues et al.
2008; Tuch et al. 2008; Perez and Groisman 2009; Lavoie
et al. 2010; Piasecki et al. 2010). Understanding the evolu-
tionary pressures at play in polygenic pathway evolution
will require both observational molecular approaches
and formal tests of natural selection, which together will
continue to accelerate the dissection of the genetic basis
of evolutionary novelties.
Supplementary Material
Supplementary ﬁgures S1 and S2 and tables 1 and 2 are
available at Molecular Biology and Evolution online
(http://www.mbe.oxfordjournals.org/).
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Appendix
Consider two species with effective population sizes Ne
(1)
and Ne
(2), which diverged t generations ago, and assume
that they have the same generation time. Furthermore,
assume that until t0 generations after their divergence,
one of the species (say, species 1) underwent positive
selection with selection coefﬁcient s11, after which it un-
derwent negative selection with selection coefﬁcient s12,
while species 2 has been under constant negative selection
with coefﬁcient s2.
In general, the expected number of substitutions along
a given branchafter time t is uip(si). Here, ui isthe mutation
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1754rate in species i; p(si) is the probability of ﬁxation of a new
mutant and depends on the selection coefﬁcient and the
effective population size. Then, the expected difference in
thenumberofsubstitutionsDalongthelineagestothetwo
species is
D1   D2 5u1½pðs11Þt0 þ pðs12Þðt   t0Þ    u2pðs2Þt
5u1t0½pðs11Þ pðs12Þ  þ t½u1pðs12Þ u2pðs2Þ :
The ﬁrst term in the ﬁnal result is positive by the as-
sumption that s11 . s12; as such, the quantity D1   D2
can be negative so long as s12 , s2 and t is sufﬁciently
big compared with t0.
Thus,alineageundergoingashortancientperiodofpos-
itive selection followed by a long period of tight constraint
can exhibit a reduced rate of ﬁxed changes, relative to a lin-
eage under constant and more modest negative selection.
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